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cDNA  display  is  a powerful  in  vitro display  technology  used  to  explore  functional  peptides  and  proteins
from  a huge  library  by in vitro selection.  In addition  to expediting  the  in  vitro  selection  cycle  by using  cDNA
display,  easy  and rapid  functional  analysis  of  selected  candidate  clones  is crucial  for high-throughput
screening of  functional  peptides  and  proteins.  In this  report,  a versatile  puromycin-linker  employing  an
ultrafast  photo-cross-linker,  3-cyanovinylcarbazole  nucleoside,  is  introduced.  Its utility  for  both  in  vitro
selection  using  cDNA  display  and  protein–protein  interaction  analysis  using  a surface  plasmon  resonanceuromycin
DNA display
-Cyanovinylcarbazole nucleoside
n vitro selection
irected evolution
igh-throughput system
(SPR)  system  is  described.  Using  this  versatile  puromycin-linker,  we  demonstrated  the  model  in vitro
selection  of the FLAG  epitope  and a SPR-based  assay  to measure  the  dissociation  constant  between  the  B
domain  of protein  A and  immunoglobulin  G. Improvement  of  the puromycin-linker  as  described  herein
should  make  the  cDNA  display  method  easier  to  utilize  for design  of  protein  or peptide  based  afﬁnity
reagents.
© 2015  The  Authors.  Published  by Elsevier  B.V. This  is  an open  access  article  under  the  CC BY  license
(http://creativecommons.org/licenses/by/4.0/).. Introduction
In vitro display technology is a powerful tool to explore
fﬁnity reagents such as peptides which have a binding ability
peptide aptamers) (Gray and Brown, 2014; Nevola and Giralt,
015), antibody fragments (Holliger and Hudson, 2005), and non-
mmunoglobulin based protein scaffolds (Sˇkrlec et al., 2015). In
articular, in vitro display technologies using a cell-free transla-
ion system [ribosome display (Hanes and Plückthun, 1997), and
RNA display (Nemoto et al., 1997; Roberts and Szostak, 1997)]
re highly attractive approaches because they can handle a large
ize DNA library.mRNA display is a linking technique of peptide or protein with
ts coding mRNA via a puromycin-linker (Pu-linker). Puromycin is
n aminonucleoside antibiotic that resembles the 3′-terminus of an
Abbreviations: Pu-linker, puromycin-linker; SPR, surface plasmonresonance;
nvK, 3-cyanovinylcarbazole nucleoside; SA, streptavidin; BDA, B domain of protein
;  EMSC, N-(6-maleimidocaproyloxy)succinimide; SBS-Pu-linker, short biotin-
egment Pu-linker.
∗ Corresponding author. Fax: +81 48 858 3531.
E-mail address: nemoto@fms.saitama-u.ac.jp (N. Nemoto).
1 Present address: Medical and Biological Engineering Research Group, Biomed-
cal Research Institute, National Institute of Advanced Industrial Science and
echnology (AIST), 3-11-46, Nakouji, Amagasaki, Hyogo 661-0974, Japan.
ttp://dx.doi.org/10.1016/j.jbiotec.2015.08.020
168-1656/© 2015 The Authors. Published by Elsevier B.V. This is an open access article uaminoacylated tRNA. Thus it can be fused to a nascent polypetide
chain by peptidyl transferase activity in the ribosomal A site. In
mRNA display, a puromycin molecule is covalently bonded with
the 3′-terminus of mRNA via a DNA spacer. When a ribosome on
the mRNA template could stall at the connecting point between
mRNA and Pu-linker during translation reaction, the puromycin
attached to the 3′-terminus of Pu-linker can enter the ribosomal A
site and be fused to the nascent polypeptide chain. The mRNA can
be covalently bonded with the corresponding nascent polypeptide
chains via the puromycin (Nemoto et al., 1997).
Recently we developed a novel in vitro display technology
termed cDNA display in which complementary DNA is fused to
its coding peptide or protein via a Pu-linker by covalent linking
(Yamaguchi et al., 2009). cDNA display is a highly stable display
technology because the cDNA is directly covalently fused to the
C-terminus of the peptide or protein via the Pu-linker, making
it different from mRNA display. This advantage allows in vitro
selection of protein or peptide based afﬁnity reagents against cell
surface proteins, such as G protein-coupled receptors (GPCRs),
using whole cells on which the GPCR is highly expressed (Ueno
et al., 2012a). Furthermore, the cDNA display method can be
suitable for in vitro selection of disulﬁde-rich peptides, because
post-translational reactions, including oxidative folding, are easily
incorporated into the displayed peptides and proteins (Yamaguchi
et al., 2009; Naimuddin et al., 2011; Mochizuki et al., 2014; Cai et al.,
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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014). We  have previously improved the preparation efﬁciency of
he cDNA display molecule by developing additional Pu-linkers
Mochizuki et al., 2011; Ueno et al., 2012b) and modifying the
reparation protocol (Mochizuki et al., 2013b), which makes cDNA
isplay a more practical method for in vitro selection.
It is important to have methods to assay the binding of the
btained candidate peptides and proteins to explore functional
eptides and proteins effectively. As many types of candidate
equences are obtained from the libraries, to prepare all the possi-
le candidates via chemical synthesis or protein expression using
scherichia coli is very time consuming, in particular, when the
andidate sequences contains several disulﬁde bonds. Therefore,
e established a pull-down method using a biotin-attached pep-
ide/protein prepared with a Pu-linker and a cell-free translation
ystem (Mochizuki et al., 2013a; Tanemura et al., 2015). Our
roup also reported a Pu-linker containing polyA which can be
sed for easy and rapid puriﬁcation of the synthesized biotin-
ttached peptide/protein from the cell-free translation system
sing oligo(dT)-immobilized supports (Nemoto et al., 2014). The
uriﬁed biotin-attached peptide or protein is then applied to a sen-
or chip for detection by surface plasmon resonance (SPR), thus
llowing easy measurement of the dissociation constant of the can-
idate peptides or proteins without chemical synthesis or protein
xpression.
As mentioned above, in vitro selection using cDNA display
ethod is a sophisticated high-throughput system for afﬁnity
eagent design. However, several kinds of specialized Pu-linkers are
equired for each step (i.e., in vitro selection and functional assay)
hich may  be a potential barrier for researchers who want to utilize
DNA display for design of afﬁnity reagents in a high-throughput
anner. Herein, we introduce a novel Pu-linker containing 3-
yanovinylcarbazole nucleoside (cnvK) named the cnvK-Pu-linker.
nvK is an ultrafast photo-cross-linker which connects hybridized
ligonucleotides using 366 nm of UV irradiation (Yoshimura and
ujimoto, 2008; Yoshimura et al., 2009). This method enables ultra-
ast cross-linking of the developed Pu-linker to the 3′-terminal
egion of an mRNA without the use of an enzymatic ligation reac-
ion. The novel Pu-linker can also be used for exploring functional
lone sequences by in vitro selection using cDNA display and for
unctional assay of the selected candidate sequences using a SPR
ystem, making afﬁnity reagent design via cDNA display more con-
enient.
. Materials and methods
.1. Clone and library DNA constructs
The B domain of protein A (BDA)-coding DNA was  the same as
escribed in a previous report (Mochizuki et al., 2011). The FLAG
pitope (which was fused to helix IV of the Pou-speciﬁc DNA-
inding domain of Oct1)-coding DNA was described previously
Nemoto et al., 2014). The library coding random peptide consisting
f eight amino acids (X8 peptide) was generated by replacing the
LAG epitope-coding region with the X8 peptide-coding region.
.2. Synthesis of the cnvK-Pu-linker
The modiﬁed oligonucleotides Puro-F-S and the cnvK-I-polyA-
 fragment were obtained from Tsukuba Oligo Service (Japan).
he Puro-F-S fragment represents 5′-(S)-TC-(F)- (Spacer18)-
Spacer18)-CC-(Puro)-3′, where S is the 5′-thiol-Modiﬁer C6, F
s ﬂuorescein-dT, Puro is puromycin CPG and Spacer18 is the
pacer phosphoramidite 18. The Biotin-polyA-Inosine-cnvK frag-
ent represents 5′-(B)- AAAAAAAAAAAAAAAAAAAA-(I)-TTCCA-
K)-GCCGCCCCCCG-(T)-CT-3′, where B is 5′-biotinTEG, I is inosine,hnology 212 (2015) 174–180 175
K is cnvK, and T is the amino-modiﬁer C6 dT. The cross-linking
reaction of the Puro-F-S fragment and the Biotin-polyA-Inosine-
cnvK fragment via N-(6-maleimidocaproyloxy) succinimide (EMSC,
Dojindo Laboratories, Kumamoto, Japan) was performed according
to a previous report (Yamaguchi et al., 2009; Mochizuki et al., 2011).
A total of 30 nmol of the Puro-F-S fragment was  reduced by 50 mM
dithiothreitol in 1 M disodium hydrogen phosphate for 1 h at room
temperature and then desalted on a NAP-5 column (GE Health-
care, Waukesha, WI,  USA) just before use. A total of 10 nmol of
the Biotin-polyA-Inosine-cnvK fragment and 2 mmol of EMCS were
mixed in 100 ml  of 0.2 M sodium phosphate buffer (pH 7.2). The
mixture was subsequently incubated for 30 min  at 37 ◦C and excess
EMCS was removed by ethanol precipitation with a coprecipitating
agent (Quick-Precip Plus Solution, Edge BioSystems, Gaithersburg,
MD,  USA). The reduced Puro-F-S fragment was  immediately added
to the precipitate and incubated at 4 ◦C overnight. Dithiothreitol
was added (ﬁnal conc. of 50 mM)  to the sample and incubated
for 30 min  at 37 ◦C to stop the reaction. The non-reacted Puro-F-S
fragment was  removed by ethanol precipitation with the copre-
cipitating agent. The precipitate was  dissolved with nuclease-free
water and puriﬁed with a C18HPLC column under the following
conditions: column: AR-300, 4.6 × 250 mm (Nacalai Tesque, Kyoto,
Japan); solvent A: 0.1 M Triethyl Ammonium Acetate (TEAA, Glen
Research, Sterling, VA, USA); solvent B: acetonitrile/water (80:20,
v/v); 15–35% B over 45 min; ﬂow rate: 1 ml/min; detection by
ultraviolet (UV) absorbance at 260 nm and ﬂuorescence excita-
tion/emission at 488/520 nm.  The fraction from the last peak at an
absorbance of 260 nm (corresponding to a single peak at an emis-
sion at 520 nm)  was  collected. After drying, the cnvK-Pu-linker was
resuspended in nuclease-free water.
2.3. Photo-induced cross-linking and enzymatic ligation
The cnvK-Pu-linker was hybridized to the 3’-terminal region of
mRNA in 25 mM Tris-HCl (pH 7.5) with 100 mM NaCl under the fol-
lowing annealing conditions: heating at 90 ◦C for 1 min  followed by
lowering the temperature to 70 ◦C at a rate of 0.4 ◦C/s, incubating for
1 min, then cooling to 25 ◦C at a rate of 0.08 ◦C/s. The sample was
irradiated with UV light at 365 nm using CL-1000 UV Crosslinker
(UVP, Upland, CA, USA) for 30 s. The cross-linked products were
analyzed by 8 M urea containing 7% denaturing polyacrylamide
gel electrophoresis (PAGE). The cross-linked mRNAs were visual-
ized by FITC ﬂuorescence using a ﬂuoroimager (Pharos Fx, BioRad,
Hercules, CA, USA), then staining with SYBR Gold Nucleic Acid Gel
Stain (Life Technologies, Gaithersburg, MD,  USA). The short biotin-
segment Pu-linker (SBS-Pu-linker) was  ligated to the 3’-terminal
region of each length of mRNA as reported previously (Mochizuki
et al., 2011) with a minor change as follows: the ligation reaction
was performed by incubating at 25 ◦C for 30 min.
2.4. Preparation of the mRNA display molecule and cDNA display
molecule
Three pmol of linker cross-linked mRNA was  added to 25 L
of reaction mixture containing nuclease-treated rabbit reticulocyte
lysate (Promega, Madison, WI,  USA). After the reaction mixture was
incubated at 30 ◦C for 10 min  (BDA) or 15 min  (X8 peptide-coding
library DNA containing FLAG epitope-coding DNA), 3 M KCl and 1 M
MgCl2 were added (ﬁnal conc. was  900 mM and 75 mM,  respec-
tively) then incubated at 37 ◦C for 1 h. mRNA display molecule
formation was analyzed by 8 M urea containing 4% stacking-6% sep-
arating SDS-PAGE. mRNA display molecules were immobilized on
streptavidin (SA) magnetic beads (Dynabeads MyOne Streptavidin
C1, Thermo Fisher Scientiﬁc, Somerset, NJ, USA) in the same manner
as in the previous report (Mochizuki et al., 2013b) and reverse tran-
scribed to synthesize cDNA display molecules on the beads. After
1  Biotec
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he SA magnetic beads were washed with 1 × NEbuffer4, one half SA
agnetic bead volume of 1 × NEbuffer4 containing EndonucleaseV
New England Biolabs, Ipswich, MA,  USA) was added and stirred
t 37 ◦C for 1 h using a thermo block rotator (Nissinrika, Tokyo,
apan) to release the cDNA display molecules from the SA magnetic
eads. After an equal volume of 2 × His-tag wash buffer (40 mM
odium phosphate, pH 7.4, 1 M NaCl, 2 mM imidazole, 0.1% Tween-
0) was added, the supernatant was collected. The supernatant was
ncubated with Ni-NTA magnetic beads (His Mag  Sepharose Ni, GE
ealthcare) at room temperature (r.t.) for 1 h using an Intelli Mixer
M-2 (TOHO, Tokyo, Japan). After washing the Ni-NTA magnetic
eads twice, the captured cDNA display molecules were eluted
y addition of the selection buffer (50 mM Tris–HCl, pH 7.4, 1 M
aCl, 0.1% Tween-20) containing 5 mM EDTA and stirring at r.t. for
0 min.
.5. In vitro afﬁnity selection of the FLAG epitope sequence
After 50 L of anti-FLAG M2  afﬁnity gel (50% suspension,
igma–Aldrich, St Louis, MO,  USA) was added to empty MicroSpin
olumns (GE Healthcare), the column was washed three times with
00 L of selection buffer. The cDNA display library prepared from
2 pmol of cnvK-Pu-linker cross-linked mRNA was  added to the
olumn and stirred at r.t. for 1 h using a rotator. After washing
he column four times with 200 L of selection buffer, 100 L of
 × FLAG peptide (100 ng/L in selection buffer, Sigma–Aldrich)
as added and further stirred at r.t. for 15 min  to elute the remain-
ng cDNA display molecules. The cDNA display molecules in the
luate were ethanol precipitated with Quick-precip Plus. To pre-
are the library DNAs for the next round of in vitro selection,
7 promoter-reconstructed library DNAs were prepared from the
bove precipitated cDNA display molecules by PCR. Initial library
NAs and library DNAs after the 3rd round of in vitro selection were
nalysed by direct sequencing.
.6. Synthesis of biotin-attached BDA
A mRNA display molecule of BDA was synthesized in the same
anner as described in Section 2.4. Then 10 × NEBuffer2 (New Eng-
and Biolabs) and RNase H (TaKaRa, Otsu, Japan) were added to the
ranslation reaction mixture followed by incubation at 37 ◦C for 1 h
o digest the mRNA portion. BDA-linker fusion molecules (biotin-
ttached BDA) and free cnvK-Pu-linkers were puriﬁed from the
ranslation reaction mixture using Dynabeads Oligo (dT)25 (Thermo
isher Scientiﬁc) according to the manufacturer’s instructions.
astly, biotin-attached BDA was puriﬁed using its hexahistidine tag
n the same manner as described in Section 2.4.
.7. Protein-protein interaction analysis using a SPR system
The interaction between BDA and immunoglobulin G (IgG) from
abbit serum (Sigma–Aldrich) was measured using a Biacore X100
GE Healthcare) at 25 ◦C. The washing buffer (1 M NaCl in 50 mM
aOH) was injected over the Fc1 and Fc2 channels of a SA sen-
or chip for 1 min  three times to remove nonspeciﬁcally absorbed
treptavidin on the SA sensor chip. The puriﬁed biotin-attached
DA prepared from 30 pmol of mRNA was injected over the Fc2
hannel for 15 min  at a ﬂow rate of 5 L/min to ensure immo-
ilization onto the SA sensor chip as a ligand molecule. Different
oncentrations of IgG ranging from 10 to 160 nM in running buffer
10 mM HEPES, pH 7.4, 150 mM NaCl, 3 mM EDTA, and 0.05% P20
urfactant) were injected during 60 s over the two channels fol-
owed by a dissociation step of 300 s. Between each run, sensor
urfaces were regenerated with glycine-HCl, pH 2.0. All sensor-
rams were ﬁtted by subtracting the signal from the reference ﬂowhnology 212 (2015) 174–180
cell and were globally treated using the Biacore X100 Evaluation
Software.
3. Results
3.1. Performance of the versatile Pu-linker
The cnvK-Pu-linker (Fig. 1) contains a cnvK to cross-linkwith
an mRNA, a 5′-biotin-polyA region which can be used for puriﬁ-
cation and immobilization onto a solid support, an inosine to
release the 5′-biotin-polyA region, and a primer region for reverse
transcription (Fig. 1) This construct is required for the cnvK-
Pu-linker to synthesis both the cDNA display molecule and the
biotin-attached protein as shown in Fig. 1. Firstly, the photo-
cross-linking efﬁciency of the cnvK-Pu-linker to the 3′-teminal
region of the mRNA was  evaluated using BDA mRNA as a model.
The photo-cross-linking was completed by application of 30 s of
UV irradiation (Fig. 2A). Additional irradiation did not facilitate
the photo-cross-linking. Secondly, the effect of cross-linking the
mRNA-protein fusion was  conﬁrmed by comparing the mRNA-
protein fusion efﬁciency with or without photo-cross-linking
of the cnvK-Pu-linker. The formation efﬁciency was remark-
ably decreased when the linker-non-cross-linked mRNA was
used (Fig. 2B). Thirdly, it was  conﬁrmed that the cDNA display
(cDNA-linker-protein fusion) molecule and biotin-attached pro-
tein (protein-linker fusion molecule) can be synthesized according
to the scheme in Fig. 1 using the cnvK-Pu-linker. mRNA display
molecules and linker-cross-linked mRNAs were captured by SA
magnetic beads, then the cDNA was  synthesized by reverse tran-
scription and released from the SA magnetic beads by cleavage of
inosine with EndonucleaseV. cDNA display molecules were sepa-
rated with cDNA-linker fusion molecules using a hexahistidine-tag
in the displayed BDA (Fig. 2C). In order to synthesize the biotin-
attached protein, the mRNA portion of the mRNA display molecule
was digested with RNase H, then the products were puriﬁed
with Oligo(dT) magnetic beads from the crude translation reac-
tion mixture (Fig. 2D). Furthermore, biotin-attached proteins
were separated with the remaining cnvK-Pu-linkers using the
hexahistidine-tag of the protein (Fig. 2 D). Additionally, the con-
jugation efﬁciency of the cnvK-Pu-linker against the mRNA was
compared with a previously reported SBS-Pu-linker (Mochizuki
et al., 2011) using two  lengths of mRNA: a 322 or 562 mer. SBS-
Pu-linker construct from the Puro-F-S fragment and SBS segment:
5′-CC(rG)C(T-B)C(rG)ACCCCGCCGCCCCCCG(T)CCT-3’, where (T) =
amino-modiﬁer C6 dT, (T-B) = biotin-dT, and (rG) = riboG. The 5′-
teminus of SBS-Pu-linker and 3′-teminus of mRNA is ligated by T4
RNA Ligase after hybridization. The yield of the linker-ligated mRNA
was signiﬁcantly decreased when the SBS-Pu-linker was ligated to
the 562 mer  of mRNA (Fig. 3). The linker-cross-linked mRNA (562
mer) was  obtained using the cnvK-Pu-linker.
3.2. In vitro selection of the FLAG epitope
To examine the practicability of the cnvK-Pu-linker for in vitro
selection against a target molecule, we carried out in vitro selec-
tion of the FLAG epitope against the anti-FLAG M2  antibody as
shown in Fig. 4A. The X8 peptide-coding library DNA and FLAG
epitope-coding DNA were mixed at a ratio 10,000:1 and used as
an initial library. Three rounds of selection against the anti-FLAG
M2 antibody were performed using the library DNA, and then the
sequence of the obtained DNA population was analyzed by direct
sequencing. The DNA sequence obtained after the third round of
in vitro selection from direct sequencing corresponded to the FLAG
epitope-coding sequence (Fig. 4B).
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Fig. 1. A construct of the puromycin-linker with 3-cyanovinylcarbazole nucleoside (cnvK Pu-linker) and scheme for synthesis of the cDNA display molecule or biotin-attached
protein. The cnvK-Pu-linker consists of a region hybridized to the 3′-region of the mRNA, a cnvK to photo-cross-link with the mRNA, a 5′-biotin-polyA region, an inosine, a
primer region for reverse transcription, a puromycin-fused 3′-terminus. PEG and EMSC represent the polyethylene glycol spacer and N-(6-Maleimidocaproyloxy) succinimide,
respectively. A scheme depicting the synthesis of a cDNA display molecule is shown as a main line (left). The cnvK-Pu-linker is hybridized to the mRNA and photo-cross-linked
by  UV irradiation. Linker-cross-linked mRNA is translated in a cell-free translation system, then the mRNA display molecule is immobilized on a streptavidin (SA) magnetic
bead  and reverse transcription is performed to convert the cDNA display molecule. The cDNA display molecule is released from the SA magnetic bead by EndonucleaseV
treatment, and then subjected to puriﬁcation via its His-tag. A scheme of the synthesis of the biotin-attached protein is shown as a branched line (right). The mRNA region
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ts  His-tag and applied to devices using surface plasmon resonance (SPR).
.3. SPR-based binding analysis of the BDA-IgG interaction
In order to demonstrate the application of the cnvK-Pu-linker
o biotin-attached proteins, biotin-attached BDA was synthesized
s described above and used for analysis of protein–protein inter-
ctions with IgG. Biotin-attached BDA was immobilized on the SA
ensor chip as a ligand and the binding curves were measured in
he presence of different concentrations of IgG (10–160 nM). The
esponse curves with various analyte concentrations were globally
tted to the bivalent analyte model (ﬁrst step: A + B ↔ AB; sec-
nd step: AB + B ↔ AB2) and the resulting simulated curves were
uperimposed on the experimental curves (Fig. 5, black lines). The
issociation constant between the BDA and IgG was  calculated by
fﬁnity analysis to be 19 nM.
. Discussion
In this present study, we introduced the successful development
f a versatile Pu-linker, the cnvK-Pu-linker, which can be used for
n vitro selection of afﬁnity reagents and a SBR-based binding assay
f selected candidate clones. The cnvK-Pu-linker has several advan-
ages in terms of the fusion process to the 3′-terminus of mRNA
ompared with SBS-Pu-linkers (Mochizuki et al., 2011; Ueno et al.,
012b). The cnvK-Pu-linker can be photo-cross-linked with mRNAds from the cell-free translation system. The biotin-attached protein is puriﬁed via
using 30 s of UV irradiation (Fig. 2A), making it the fastest fusion
of a Pu-linker to an mRNA to the best of our knowledge. Addi-
tionally, degradation of the mRNA was  suppressed compared with
the conventional SBS-Pu-linker as shown in Fig. 3. Smeared bands
were detected under the band of linker-ligated mRNA (562 mer)
when SBS-linker was  used, which could be the result of mRNA
degradation during ligation reaction. Conventional Pu-linkers can
be ligated to the 3′-terminus of mRNA using T4 DNA or RNA lig-
ase in a ligation buffer containing 10 mM of MgCl2 (Olson et al.,
2008; Yamaguchi et al., 2009; Mochizuki et al., 2011), which can
also activate ribonucleases thus linker-ligated mRNAs can be eas-
ily degraded by ribonuclease contamination. Instead, cnvK can
be photo-cross-linked under divalent cation-depleted conditions,
which is intrinsically advantageous for handling mRNA. We  also
conﬁrmed that omitting cross-linking by UV irradiation critically
decreases the fusion efﬁciency of the mRNA with the nascent pro-
tein as shown in Fig. 2B. This may  be attributed to breaking of the
hybridization between the mRNA and cnvK-Pu-linker by ribosome
helicase activity as previously mentioned by other groups (Ishizawa
et al., 2013; Kumal et al., 2014).As a traditional photo-cross-linker, psoralen has been used
for oligonucleotide cross-linking, and a psoralen-incorporated
Pu-linker was  previously developed (Kurz et al., 2001). How-
ever, although long wavelength UV can induce cross-linking,
178 Y. Mochizuki et al. / Journal of Biotechnology 212 (2015) 174–180
Fig. 2. Performance of the cnvK-Pu-linker. (A) Photo-cross-linking of the cnvK-Pu-linker to BDA mRNA. Linker-cross-linked BDA mRNAs exposed to different times of UV
irradiation were subjected to 8 M urea-containing 6% denaturing PAGE and visualized with FITC and SYBR Gold staining. (B) Evaluation of the cross-linking effect against the
mRNA-protein fusion reaction. mRNA-protein fusion efﬁciencies were compared using linker-cross-linked BDA mRNA and linker-hybridized BDA mRNA. Translation reaction
samples were subjected to 4% stacking-6% separating SDS-PAGE containing 8 M urea and visualized with FITC. The symbols indicate the following molecules: ﬁlled triangle:
linker-cross-linked BDA mRNA; ﬁlled circle: mRNA display molecule; open triangle: Linker-hybridized BDA mRNA. (C) Evaluation of each step of cDNA display molecule
synthesis. CL: linker-cross-linked BDA mRNA; T; cell-free translation reaction; S(SA): a supernatant from the capture of BDA mRNA display molecules with streptavidin
magnetic beads; S: a supernatant from the puriﬁcation of BDA cDNA display molecules using Ni-NTA magnetic beads; E: eluate of the His-tag puriﬁcation. These samples
were  analyzed in the same manner as (B). The symbols indicate the following molecules: ﬁlled triangle: linker-cross-linked BDA mRNA; ﬁlled circle: mRNA display molecule;
rhombus: cDNA-linker fusion molecule; open circle: cDNA display molecule. (D) Evaluation of each step of the biotin-attached protein synthesis. Ref.: cnvK-Pu-linker; T + D:
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hese  samples were subjected to tricine SDS-PAGE containing 8 M urea and visualize
lled  circle: biotin-attached-BDA; ﬁlled rhombus: cnvK-Pu-linker in which a ribonu
hoto-cross-linking of psoralen requires 15 min  of UV irradiation. It
as reported previously that the long UV irradiation time may  con-
er a deleterious effect against the reverse transcription of mRNA
Takahashi and Roberts, 2009). Furthermore, psoralen cannot be
ncorporated to an internal position of an oligonucleotide, thus it
ay  restrict the design of the puromycin-linker.
We  showed that the cDNA display molecule can be synthe-
ized with the cnvK-Pu-linker according to the schemes in Fig. 1
s shown in Fig. 2C. mRNA display and cDNA display molecule syn-
hesized with the cnvK-Pu-linker were efﬁciently captured on the
ach puriﬁcation step using SA magnetic beads and Ni-NTA mag-
etic beads, which is compared favourably with the case using the
BS-Pu-linker (Mochizuki et al., 2013b). Thus, we  conﬁrmed that
he cnvK-Pu-linker can be used for in vitro selection using the cDNA
isplay method by demonstrating the model selection of the FLAG
pitope (Fig. 4B). Additionally, we showed that biotin-attached pro-
ein can be synthesized efﬁciently with the cnvK-Pu-linker and it
an be used for protein–protein interaction analysis by measur-
ng the kinetics of the interaction between IgG and BDA using a
PR system (Figs. 3D and 5). The obtained kinetics curves ﬁt well
o the bivalent analyte model but not to the 1:1 binding model.
his was expected because IgG contains two BDA binding sites:
he CH2-CH3 portions of the Fc region (Braisted and Wells, 1996).go(dT) magnetic beads or Ni-NTA magnetic beads; E: eluates after each puriﬁcation.
 FITC. The symbols indicate the following molecules: ﬁlled triangle: cnvK-Pu-linker;
ide was  cross-linked via cnvK.
However, in a previous report (Nemoto et al., 2014), the kinetics
curves obtained from the IgG-BDA interaction ﬁt well using the 1:1
binding model. This difference may  be caused by variations in the
immobilized ligand (BDA) amount on the SA surface of the sen-
sor chip. When BDA is immobilized on the surface at a comparably
high density, the second BDA can interact with the BDA-IgG com-
plex, but when the surface density of BDA is low, the second BDA
cannot interact with the BDA-IgG complex. In a previous method,
puriﬁcation of biotin-attached BDA by a hexahistidine tag was  not
performed after oligo(dT)-based puriﬁcation, thus free Pu-linkers
were also immobilized on the surface, which may  decrease the lig-
and density on the surface. The dissociation constant between the
BDA and IgG was  determined to be 19 nM by afﬁnity analysis of the
obtained sensorgram. This value is close to the previously reported
dissociation constants of 10 nM (Braisted and Wells, 1996) and
17 nM (Nemoto et al., 2014). This result indicates that the biotin-
attached protein synthesized with the cnvK-Pu-linker is available
as a ligand for the SPR-based binding assay. In general, conventional
sample preparations (i.e., chemical peptide synthesis and protein
expression) for the binding assays have required considerable time
and cost. The cnvK-Pu-linker enables easy and rapid preparation of
samples for the binding assay as well as cDNA display molecules.
Thus, the improvement of Pu-linker could contribute totally the
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Fig. 3. Comparison of the fusion step of the Pu-linker with the mRNA using the cnvK-
Pu-linker and SBS-Pu-linker. Linker-ligated mRNAs (322 or 562 mer) and cross-
linked mRNA (562 mer) were subjected to 8 M urea-containing 6% denaturing PAGE
and  visualized with FITC. A: annealing; L: ligation; Ref.: Pu-linker; CL; photo-cross-
linking. The symbols indicate the following molecules: Filled triangle: cnvK-linker
or  SBS-Pu-linker; open triangle: linker-ligated mRNAs or linker-cross-linked mRNA.
Fig. 5. SBR-based assay to measure the interaction between BDA and IgG using
biotin-attached BDA synthesized with the cnvK-Pu-linker. Biotin-attached BDA was
synthesized as shown in Fig. 3D and immobilized on the SA sensor chip. Different
concentrations of IgG ranging from 10 to 160 nM were injected as the analyte and the
resulting binding curves were ﬁtted using the bivalent analyte model (solid black
lines). ka1 and kd1 are the association and dissociation rate constants for the ﬁrst
step of the interaction between BDA and IgG. ka2 and kd2 are the association and
dissociation rate constants for the second step of it.
Fig. 4. Model in vitro selection using the anti-FLAG antibody-FLAG epitope interaction. 
library was  prepared from an eight amino acid random peptide (X8 peptide)-coding libra
display  molecule was  selected using anti-FLAG M2  antibody-immobilized resin beads. (B
selection cycle.(A) A schematic diagram of in vitro selection of the FLAG epitope. A cDNA display
ry DNA which contained 0.01 % of FLAG epitope-coding DNA. A FLAG epitope cDNA
) Direct sequencing of the initial library DNA and DNAs after the third round of the
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Yoshimura, Y., Fujimoto, K., 2008. Ultrafast reversible photo-cross-linking
reaction: toward in situ DNA manipulation. Org. Lett. 10, 3227–3230.
Yoshimura, Y., Ohtake, T., Okada, H., Fujimoto, K., 2009. A new approach for80 Y. Mochizuki et al. / Journal of
evelopment of a high-throughput system of in vitro selection
sing cDNA display.
. Conclusions
In this study, the novel versatile Pu-linker containing an ultra-
ast photo-cross-linker was developed. The cnvK-Pu-linker can be
used to mRNA quickly helping to limit the effects of RNase con-
amination on the cross-linking reaction step. Furthermore, the
nvK-Pu-linker can be used for both steps of in vitro selection using
DNA display and for measurement of the dissociation constant of
elected clones. Thus, the cnvK-Pu-linker makes the in vitro selec-
ion of afﬁnity reagents by the method of cDNA display more user
riendly and practical, facilitating the design of excellent afﬁnity
eagents desirable for many applications in the ﬁelds of therapeu-
ics, diagnosis, basic and applied research.
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